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Tubulogenesis: A Role for the Apical
Extracellular Matrix?
Barry Denholm and Helen Skaer
Two ZP domain proteins, Piopio and Dumpy, have
been shown to contribute to the apical extracellular
matrix and to play a decisive role in regulating the
transition from multicellular-to-unicellular tube struc-
ture in Drosophila tracheal development.
The tube is a common shape in biology. Its function is
to transport materials from one site to another. A
contiguous lumen and a sealed wall to prevent leakage
are critical features of tube design. For a tubular
network to be effective, it also has to be deployed in
the correct place. An example where this is particularly
crucial is the tracheal system that mediates gas
exchange in insects and that has to extend to the
majority of cells within the body. In Drosophila, this
system is composed of tubular branches of three dif-
ferent types, which develop sequentially. The largest
branches are multicellular with two or more cells sur-
rounding a lumen. Secondary branches are formed
from single-celled tubes secured with an autocellular
adherens junction, which connects two parts of a
single cell. And the smallest branch type, the terminal
branches, form when a single cell cavitates to produce
a subcellular tube with an intracellular lumen [1].
While much is known about the factors which
specify the tracheal system and lead to its early
branching [2], less is known about how cells in the
system rearrange to generate the mature network. A
recent paper by Jaz′win′ ska and colleagues [3] has shed
some light on this issue by describing, for the first time,
the rearrangements associated with the transition from
a multicellular to a unicellular tube. In addition they
have identified two genes, piopio (pio) and dumpy (dp),
which are required to maintain tracheal system
integrity as this transition occurs.
The remodelling of a multicellular tube into a
unicellular tube requires that cells rearrange from a
side-by-side to an end-to-end configuration (Figure 1).
During this transformation the integrity of the tube has
to be maintained, and this requires that the nascent
unicellular tube be secured by junctions, both along its
length and to its neighbors, and that the luminal space
is preserved. How does this occur and what molecules
are required for the transition? 
Using the fusion protein Dα-catenin–GFP, which
localises to the adherens junction, Jaz′win′ ska et al. [3]
followed the behavior of tracheal cells in living embryos
during the period of transition. They found that
rearrangements occur sequentially, starting with proxi-
mal cells at the base of the branches, followed by those
located more distally. The process is initiated when two
cells on either side of the lumen begin to intercalate
with respect to their proximo-distal axis (Figure 1). This
is accompanied by the rounding up of individual cells to
surround the lumen, and the formation of an autocellu-
lar adherens junction, which progressively replaces the
intercellular adherens junction as cells continue to
extend along the proximo-distal axis. Rearrangement
ceases once the cells adopt an end-to-end configura-
tion, and cells remain joined by a single intercellular
adherens junction ring around the lumen between indi-
vidual tube cells. This ring ensures firstly that tube cells
remain attached to one another, and secondly, that the
lumen remains open.
This elegant description of tracheal cell behavior
prompts several interesting questions. What is the
driving force that initially destabilizes the intercellular
junctions? How do individual cells bend to enclose the
lumen? What initiates the formation of autocellular junc-
tions? And how is the replacement of intercellular
adherens junctions with autocellular adherens junctions
halted before the individual cells seal off completely?
To gain insight into these issues, Jaz′win′ ska et al. [3]
assessed the roles of the pio and dp genes, which
mutate to produce identical tracheal phenotypes. As
secondary branches form in either mutant, the cells do
not rearrange in the correct manner, and produce
hollow cysts rather than fine branches. Using the Dα-
catenin–GFP fusion protein, the authors focused on the
behavior of pio cells in living embryos as they
rearranged during the transition from multicellular to
unicellular tubes. Defects were first detected as the
most proximal cells completed their rearrangement. At
this point, the cell detached at its proximal end from
the dorsal trunk (Figure 1) and consequently recoiled
dorsally. The authors argue that this phenotype results
from a failure to maintain the intercellular junction once
the end-to-end point is reached, because replacement
with autocellular junctions continues to completion.
Although Pio and Dp appear to be required only for
a specific stage of tracheal morphogenesis, their
mutant effects are pleiotropic. The genes for both of
these proteins were initially isolated in screens for
adult wing blistering phenotypes [4,5]. Certain dp
alleles have shortened wings resulting from contrac-
tion of the pupal wing epithelium; pio mutants have
an overcontracted muscle phenotype, while dp is
highly expressed in epidermal tendon cells and
mutants develop cuticular pits at sites of muscle
attachment [6,7] (Figure 2). In both the wing and
muscle-tendon attachments, two sites of adhesion
are critical for normal function. The first of these is the
attachment between cells through the basal epider-
mal cell surface — from one epidermal cell to another
in the wing blade, and from a tendon cell to a muscle
cell in the case of the muscle attachment — which is
mediated by integrin-based adhesion [8]. The second
site of adhesion is the attachment of the apical sur-
faces of the epidermal cells to the secreted cuticular
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exoskeleton (Figure 2). Wilkin et al. [7] earlier pro-
posed that Dp provides this anchor. In line with these
findings, Jaz′win′ ska et al. [3] found that Pio and Dp
are concentrated on the apical (luminal) side of the
tracheal tubes, and that pio, like dp, is expressed in
cuticle-secreting epithelia.
Pio and Dp are both transmembrane proteins with a
ZP domain, so-called because glycoproteins contain-
ing this motif crosslink to form the zona pellucida of
mammalian oocytes [9]. While Pio is a small protein, Dp
is gigantic, with 308 EGF repeats interspersed with 185
novel 21 amino-acid DPY repeats [7]. NMR analysis of
Dp suggested that the EGF and DPY domains are able
to associate end-to-end, building up a relatively rigid,
fibrous molecular structure up to 0.8 µm in length. Pro-
teins of the rapidly enlarging ZP domain family have
been identified from Caenorhabditis elegans and flies,
and from ascidians to man, where they play multiple
roles in processes that include sperm recognition,
organogenesis and sensory transduction. They are
either membrane or extracellular proteins, are often (not
always) cleaved from precursors with transmembrane
domains or GPI anchors, and are capable of forming
supramolecular double-helical filaments [9].
The known Drosophila ZP proteins are active on the
apical side of cells that express them. For example
miniature, dusky and dusky-like encode ZP proteins
which are secreted from cuticle-forming tissues [10];
they appear to be required in the developing wing for
secretion of the cuticulin envelope, an early secreted
layer of the cuticle, and, perhaps as a result, for the epi-
dermal shape changes that define the size and shape
of the wing. Roch et al. [10] suggest that Miniature,
Dusky and Dusky-like might form an apical extracellu-
lar matrix (ECM) which acts to remodel wing cell apical
membranes and their cytoskeletal interactions, or alter-
natively form part of the cuticulin layer itself, as the ZP
protein Cut-1 does in C. elegans [11].
How, then, do Pio and Dp act from the apical cell pole
to regulate tracheal branch morphogenesis? Firstly, in a
manner reminiscent of Miniature and the Dusky pro-
teins, Pio and Dp might regulate the apical membrane
architecture of the secondary branch cells as they
convert from a semi-circular to a fully circular profile
(Figure 1), restricting the outward growth of the sec-
ondary branch to maintain its integrity. Secondly, they
might act as an adhesive to ensure that the end-to-end
intercellular membrane contacts remain firm once the
cells have completed rearrangement. Finally, they could
act solely from the lumen, together contributing to an
apical ECM, which restricts the reduction in lumen
diameter as the autocellular secondary branches form.
Failure of this restriction would result in over-extension
of the cells, leading to the loss of intercellular contacts. 
Jaz′win′ska et al. [3] favor the third hypothesis, citing
the luminal localisation of Pio and the capacity of ZP
proteins to form helical supramolecular filaments [9].
Wilkin et al. [7], however, propose a more precise
‘ruler’ function for the large extracellular domain of Dp
in culticle-secreting epithelia. They envisage that the
approximately 0.8 µm fibrous structure projects from
the membrane, and suggest that the different motifs
could mediate distinct molecular interactions with the
apical ECM to organize cuticle architecture (Figure 2).
In support of their idea, the ridges of the tracheal
cuticle, known as taenidial folds (Figure 2), are lost in
dp1 mutants. One could envisage a similar organiza-
tion in the tracheal lumen, in which Dp, perhaps
together with Pio, forms radial spokes of a size that
could measure an appropriate lumen diameter, in the
region of 1–2 µm (Figure 2). These apical complexes
might then interact with other ECM molecules for
normal cuticle deposition in the lumen.
The diverse function of ZP domain proteins is
reflected in their structure. While the ZP domain is con-
served, its molecular context may be divergent. Jovine
et al. [9] suggest that the ZP domain can be regarded as
a common building block for filaments, while additional
sequences confer specific biological functions. Accord-
ingly, vertebrate ZP proteins are expressed in tubular
systems such as endothelial blood vessels [12] and
kidney tubules [13], in the cochlear tectorial membrane
— providing an intriguing parallel with the Drosophila
protein No-mechanical-potentialA (NompA), which is
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Figure 1. Cell movements underlying the
formation of an autocellular tracheal tube.
Cells pair and move in opposite directions
in the proximodistal axis (intercalation;
black arrows). Intercellular adherens
junctions (red/blue) convert into autocel-
lular adherens junctions (red or blue) as
each cell rounds up to encompass the
lumen. Intercalation/elongation ceases
once the cells achieve an end-to-end con-
figuration, leaving a ring of intercellular
adherens junction. In pio mutants, the
replacement of intercellular adherens
junctions is not halted so that cells lose
contact and the lumen is broken.
(Adapted from Jaz′win′ska et al. [3].)
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found in the dendritic cap of the mechanosensory organ
where it attaches to the cuticular sensory hair [14] — as
well as in the zona pellucida, where they ensure both
oocyte protection and sperm recognition. Further mol-
ecular and functional analysis is needed to identify
which attributes of these proteins derive from the
shared ZP domain and which from their more individual
molecular make-up.
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Figure 2. Deployment of the ZP domain
proteins Dumpy and Pio.
In muscle attachment sites (A) and the
wing epidermis (B) basal (b) contacts are
mediated by integrins, while ZP proteins
(such as Dp) are thought to contribute to
an apical (a) ECM–cuticle complex. Dp
and Pio are found on the luminal side of
autocellular, secondary tracheal branches
(C), forming an apical ECM [3]. The 0.8 µm
Dp protein might act as a ruler, setting the
1–2 µm diameter lumen of secondary
branches; see the electron micrograph in
D, where arrowheads indicate the taeni-
dial folds of the luminal cuticle, and the
white arrow indicates an autocellular junc-
tion. Scale bar in (D) = 1 µm.
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